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Edited by Richard CogdellAbstract A light-inducible r factor of RNA polymerase, SigD,
can contributes to the light-induced transcription of psbA in the
cyanobacterium Synechocystis sp. PCC 6803. Here, another
light-induced r factor, SigE, was characterized together with
SigD. Results indicated that SigE also contributes to light-in-
duced transcription on the cpcBACD, psbA, petBD and psaAB
promoters whose potential sequences are of the Escherichia coli
r70-type. SigD and SigE interfere with each other’s expression.
A rhythmic expression, in which the periodic peak of SigE exhib-
its a 24-h interval according to the upcoming night, was observed
at the protein level. The cooperation of group 2 r factors, SigD
and SigE, for light-induced transcription was discussed.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The RNA polymerase (RNAP) holoenzyme of eubacteria
consists of a core enzyme and sigma (r) factor [1,2]. The core
enzyme confers the capability of transcriptional elongation
and the r factor is required for the initiation of transcription
from a speciﬁc promoter sequence. The r factors can be di-
vided into two families, r70- and r54-types, in Escherichia coli
[3,4]. The r70-family can be functionally and structurally sub-
divided into three groups [4]. Group 1 comprises a principal r
factor that is essential for cell viability. Group 2 r factors are
similar to group 1 in molecular structure, but are nonessential
for cell viability. Group 3 r factors are an alternative type,
structurally diﬀerent from the group 1 and group 2 factors,
and are involved in the transcription of regulons for survival
under stress.
Cyanobacteria are gram-negative prokaryotes that can per-
form oxygenic-evolving photosynthesis like plants. The unicel-
lular cyanobacterium Synechocystis sp. strain PCC 6803
possesses nine species of r factors assigned to group 1 (SigA),Abbreviations: DIG, digoxigenin; D/L, dark/light; RNAP, RNA poly-
merase
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doi:10.1016/j.febslet.2007.03.010group 2 (SigB, SigC, SigD, SigE), and group 3 (SigF, SigG,
SigH, SigI) [5–8]. The functions of the group 2 r factors have
been revealed recently. For example, SigD/SigB are light-/
dark-induced r factors and SigB was also identiﬁed as a heat
shock-responsive r factor [6,9–11]. SigC/SigB contribute to the
transcription of nitrogen metabolism-related genes, depending
on the phase of cell growth [12,13]. SigE is required for sur-
vival under nitrogen stress and positive regulation of sugar cat-
abolic pathways [13–16].
Light-responsive gene expression is a crucial property of pho-
tosynthesizing organisms. The light-responsive expression of
psbA, encoding the photosystem II reaction center protein D1,
has been characterized in cyanobacteria [9,10,17–24]. It has been
reported that the principal r factor SigA can recognize the psbA
promoters for basal transcription, and SigD contributes to the
light-induced transcription of psbA under light in PCC6803 cells
[9,10,19]. However, it has not been clariﬁed whether SigD con-
tributes to the light-induced expression of genes other than
psbA. In addition, although SigE is also a light-inducible r fac-
tor [9], its role in light-responsive gene expression has not been
elucidated. In this study, we therefore examined the role of SigD
and SigE in light-responsive transcription. The ﬁndings provide
evidence that SigD and SigE contribute to light-induced tran-
scription and may act cooperatively.2. Materials and methods
2.1. Bacterial strains and growth conditions
The PCC 6803 cells, whose original wild-type strain was obtained
from Kazusa DNA research institute, were grown at 30 C with shak-
ing (120 rpm/min, NR-30, TAITEC, Tokyo, Japan) in 100 ml of BG 11
medium [25] under 35 lmol photons m2 s1 of white light in a growth
chamber (CU-255: TOMY SEIKO Co. Ltd., Tokyo, Japan). The med-
ium was supplemented with 15 lg/ml of kanamycin sulfate if required
for the r knockout strains [6]. The irradiation was quantiﬁed using a
photodiode connected to a calibrated quantum sensor (LI-250 Quan-
tum Sensor: LI-COR Biosciences, Lincoln, USA). The cells were
grown until the mid-exponential phase and then exposed to a dark/
light (D/L) condition as described previously [9].
2.2. Northern blot analysis
Total RNA of the r factor genes was isolated from the wild-type or
knockout strains of PCC 6803 cells using a hot phenol method [26].
The total RNA was resolved by gel (1.2% agarose/2.5% formaldehyde)
electrophoresis and transferred to a nylon membrane (Hybond-N+:
Amersham Biosciences, UK). This membrane was subjected to hybrid-
ization for 15 h at 42 C. The hybridization buﬀer comprised 7% SDS,
0.1% N-laurylsarcosine, 50% formamide, 5·SSC, 2% blocking regentblished by Elsevier B.V. All rights reserved.
Table 1
A promoter sequence alignment of photosynthesis-related genes recognized by both SigD and SigE
The putative transcription start points (TSPs, +1), in reference to the initiation codon of each gene, are shown at the right. Promoters, estimated from
the putative transcription start points, were also aligned: underlines, possible 35 and 10 elements; bold characters, consensus nucleotides; small
letters, TSP.
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Fig. 1. Northern blot analysis of light-induced gene expression. Total RNA was respectively isolated from PCC 6803 wild-type (WT), DSigD (DD),
and DSigE (DE) cells grown in the light phase of a D/L cycle (see Section 2). The cells were harvested at the time (h) shown at the top. Northern
blotting was carried out with a DIG-labeled anti-sense probe synthesized with gene-speciﬁc primers (see Section 2). The positions of molecular size
markers are shown in kilo-bases at the left. Total RNA (10 lg) was transferred to a membrane, and the amounts of 23S and 16S rRNA were
visualized by staining with 0.04% methylene blue. Signal intensities of the full-length mRNA of respective genes were quantiﬁed as described
previously [6]. Values from wild-type strain (0 h) of respective genes were set as 100% and error bars indicate standard deviations from three
independent experiments. Diamond, WT; circle, DSigD; triangle, DSigE.
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The membrane was washed three times in 2·SSC/0.1% SDS (roomtemperature), washed two more times in 2·SSC/0.1% SDS (65 C),
and then rinsed one time in 0.1 M maleic acid/0.15 M sodium
T. Yoshimura et al. / FEBS Letters 581 (2007) 1495–1500 1497chloride/0.3% Tween20. The immunological detection using anti-DIG-
alkaline phosphatase was done with Fab fragments (Roche Diagnos-
tics) on the membrane. Signals were detected by a chemiluminescence
image-analyzer (LAS-3000mini: FUJIFILM, Tokyo, Japan). The
gene-speciﬁc anti-sense-strand probes were synthesized by PCR with
respective DNA templates, substrate dNTPs (DIG Labeling Mixplus:
Roche Diagnostics), and reverse primers (sll1578-R, 5 0-CTAGCTCA-
GAGCATTGATGG-30; slr1311-R, 5 0-TTAACCGTTGACAGCAG-
GAGC-3 0; slr0342-R2, 5 0-TTAGAACAAGCCCAAGG-3 0; and
slr1834-R2, 5 0-AATGGCTAATTGAGCGTGCC-3 0; for cpcBACD,
psbA, petBD, and psaAB, respectively). Of note, the DNA templates,
as mentioned above, were prepared by PCR with the PCC 6803 geno-
mic DNA and a set of primers, 6803cpcB-F (5 0-CGGATATCCTGTA-
GAGAAGAGTCCCTGA-3 0) and sll1578-R, 6803psbA2-F (5 0-
ACCCCGGGCTTTAGCGTTCCAGTGGATA-3 0) and slr1311-R,
slr0342-F (5 0-CGGGATCCTTTTCCTGGTAGGGCTGGGG-30)
and slr0342-R2, or slr1834-F (5 0-GAAGATCTGGGCTGATTTC
CCCTTG30) and slr1834-R2, respectively.
2.3. In vitro mRNA synthesis
mRNA was synthesized in vitro with PCC 6803 RNAP holoenzymes
reconstituted with core enzymes (2 pmol), r factors (8 pmol each), and
supercoiled DNA templates (0.2 pmol each) at 30 C as described pre-
viously [10,13]. Each template DNA plasmid carries a region of cpc-
BACD, petBD, and psaAB, referring to the initiation codon as +1,
on pYS1577 (547 to +70), pYT0342 (498 to +152), and pYT1834
(489 to +39), respectively, as derivatives from a cloning vector
pUC119B [24].
2.4. Primer extension analysis
The 5 0-end mapping of transcripts was performed by primer exten-
sion analysis as described previously [27]. The primers were as follows:
cpcBA-R5, 5 0-AAATCCAGGGAGAAACACGG-30; petBD-R2,core
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Fig. 2. In vitro transcription analysis. The mRNA was synthesized in vitro in
2) and template DNA (pYS1577, cpcBACD; pYT1834, psaAB; pYT0342, pe
the primers cpcBA-R5, 6803AAIII, and petBD-R2 for cpcBACD, psaAB and
synthesized with the same DNA templates and primers. Total RNA isolated
of the transcription start point. Signal intensities on X-ray ﬁlms were quantiﬁ
set as 100% and error bars indicate standard deviations from three independ5 0-ACTTTTGATTCGGTGACTTC-3 0, and 6803AA-III, 5 0-ATA-
GTGTAATAGAGGAAGCG-3 0, for cpcBACD, petBD, and psaAB,
respectively. The sequencing ladder was synthesized with the respective
primers and the template plasmid DNA of pYS1577, pYT0342, or
pYT1834, respectively, or total RNA isolated from the PCC 6803 cells.2.5. Western blot analysis
Total cellular protein (35 lg) prepared from PCC 6803 was sub-
jected to an analysis with the respective antibodies for anti-r factors
or anti-RpoB as described previously [6]. The signal intensities on X-
ray ﬁlms were also quantiﬁed as described previously [6].3. Results and discussion
3.1. Contribution of SigD and SigE to the light-induced gene
expression
To clarify the roles of the light-induced r factors, light-
inducible transcripts of representative photosynthesis-related
genes (Table 1), cpcBACD, psbA, petBD, and psaAB, were
examined by Northern blot analysis, using total RNA pre-
pared from the wild-type, DSigD, and DSigE PCC 6803 cells,
respectively, grown under the light phase of a D/L cycle
(Fig. 1). Full-length light-induced transcripts and/or the pro-
cessed products of their respective genes were observed in the
wild-type strain. The amounts of light-induced transcripts were
relatively decreased in the DSigD and DSigE strains, compared
to those of the wild-type strain, indicating that SigD and SigE
contribute to the light-induced expression. This is the ﬁrst0
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a reaction mixture comprising SigA, SigD, or SigE-RNAP (see Section
tBD). The 5 0-end of the mRNA was mapped by primer extension with
petBD, respectively. The sequencing ladders (A, C, G and T) were also
from the wild-type cells grown for 3 h in the light was used as a marker
ed as described previously [6]. Values of SigA for respective genes were
ent experiments. Black, SigA; white, SigD; gray, SigE.
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1498 T. Yoshimura et al. / FEBS Letters 581 (2007) 1495–1500report that SigE contributes to the light-induced expression of
the genes involved in photosynthesis. It has been found that
SigE also contributes to the transcription of sugar catabolic
genes [15,16]. This means that SigE contributes to transcrip-
tion for both carbon anabolism and catabolism. We conﬁrmed
that SigD contributes to the light-induced transcription of not
only psbA but also other photosynthesis-related genes. This
also implies a common function of SigD and SigE for light-in-
duced transcription in PCC 6803.100
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7003.2. Light-responsive promoters recognized by SigD and SigE
To obtain direct evidence of speciﬁc promoter-recognition
by SigD and SigE, transcriptional analyses were performed
in vitro (Fig. 2). Speciﬁc transcripts, the 5 0-end positions of
which are identical to those in the cells (in vivo), were, respec-
tively, synthesized from PcpcBACD-252, PpsaAB-145, and
PpetBD-137 when PCC 6803 RNAPs reconstituted with SigA,
SigD, and SigE were used. It has already been reported that
SigA, SigD, and SigE can recognize the psbA promoter
in vitro [10]. Taken together, these results indicate that SigA,
SigD, and SigE can speciﬁcally recognize the cpcBACD, psbA,
petBD, and psaAB promoters. This signiﬁcantly supports the
in vivo results (Fig. 1). Of note, in vitro transcription shows
much lower aﬃnity of SigD and SigE to the psaAB promoter
(Fig. 2). Possible regulatory proteins may bind to the psaAB
promoter region [28] and contribute to eﬀective transcription
in the cell. Potential promoter sequences of the photosynthe-
sis-related genes are listed in Table 1, and indicate a consensus
E. coli r70-type promoter. This suggests that the r70-type pro-
moters are recognized by the group 1 r factor SigA and group
2 r factors, SigD and SigE.0 12 24 36 48 60 72(h)0
100
200
300
Fig. 3. Rhythmic expression of SigD and SigE at the protein level. (A)
Aliquots of total protein (35 lg) were isolated from the PCC 6803 wild-
type cells grown under the same conditions as described in Fig. 1 and
subjected to Western blot analysis. The expression of RpoB served as a
control. (B–D) Signal intensities on X-ray ﬁlms were quantiﬁed as
described previously [6]. The peak fractions of rhythmic patterns are
shown with vertical broken lines for SigD and SigE. Values from each
protein (0 h) were set as 100% and error bars indicate standard
deviations from three independent experiments.3.3. Rhythmic expression of SigE
It was of interest that the timing of the induction at the pro-
tein level diﬀered between SigD and SigE even until the 9th
hour at the light-phase of the D/L cycle [9]. The sigD and sigE
expressions exhibit a circadian rhythm at the transcript level in
PCC 6803 [29,30]. Moreover, glycolysis-related genes regulated
by SigE exhibit a circadian rhythm in PCC 6803 [15,30]. In the
cyanobacterium Synechococcus sp. PCC 7942, RpoD4 (0569)
oscillates and RpoD2 (1749) aﬀects the circadian expression
of a subset of genes [31,32]. Therefore, we further investigated
rhythmic expression for the light-induced PCC 6803 r factors
at the protein level under continuous light following a dark
(12 h) resetting (Fig. 3). It is diﬃcult to argue that there is
any clear rhythm at the protein levels of SigA and SigD under
continuous light in the wild-type strain (Panels A–C). On the
other hand, the amplitude of the rhythm (approximately
24 h) of SigE is convincing according to the phase of the
upcoming night (Panels A and D), implying that SigE also
exhibits a circadian rhythm at the protein level. From these re-
sults, light induction (Fig. 1) and potential circadian expression
(Fig. 3) seem to cooperate; however, it remains to be solved
whether they are based on diﬀerent regulatory mechanisms.3.4. Interference expression between SigD and SigE
Is there any interference between light-induced SigD expres-
sion and rhythmic SigE expression? This question led us to
examine whether there is an inﬂuence upon the gene expression
of SigD and SigE. Since the light-induced expression of SigD
might be substantially controlled after transcription [9], weanalyzed the SigD and SigE expression at the protein level in
the mutants. The results of Western blotting are shown in
Fig. 4. In this analysis, the sampling points (6 h for SigD or
12 h for SigE) were preset to the timing of the ﬁrst peaks under
light as observed in Fig. 3. The amount of protein of SigD and
SigE decreased in the DSigE (Fig. 4, left) and DSigD (Fig. 4,
right), respectively, compared to that in the wild-type cells.
This clearly indicated that SigD and SigE contribute to the
expression of each other, suggesting direct or indirect interfer-
ence between light-induced SigD expression and rhythmic SigE
expression. This phenomenon is also not inconsistent with our
recent ﬁndings that sigD and sigE expression exhibit interfer-
ence in PCC 6803 cells [33]. That the SigD level increased by
irradiation more rapidly than SigE (Fig. 3) [9] is not in conﬂict
with the results in Fig. 4. Since SigE remains (Fig. 4, right,
WT ΔD
0 012 12
WT ΔE
0 06 6
SigD SigE
0
20
40
60
80
100
120
140
160
0 6 (h) 0 12 (h)0
50
100
150
200
250
300
350
400
450
R
el
at
iv
e 
le
ve
l (%
)
R
el
at
iv
e 
le
ve
l (%
)
Fig. 4. Interference expression between SigD and SigE. Aliquots of
total protein (35 lg) were isolated from the PCC 6803 wild-type,
DSigD, and DSigE cells grown under the same conditions as described
in Fig. 1 and subjected to Western blot analysis. The expression of
RpoB served as a control (bottom). Signal intensities on X-ray ﬁlms
were presented as 100% values from the wild-type strain (0 h) of
respective genes, as shown in Fig. 1. Black bar, SigD or SigE in wild
type; stripe bar, SigD in DSigE; dot bar, SigE in DSigD; white bar,
RpoB in wild-type; light-gray bar, RpoB in DSigE; dark-gray bar,
RpoB in DSigD.
T. Yoshimura et al. / FEBS Letters 581 (2007) 1495–1500 14990 h), although the amount of SigE gradually decreases under
darkness [9], SigE may aﬀect light-induced SigD expression.
3.5. Regulatory network of r factors in PCC 6803
The expression at the protein level of the PCC 6803 r factors
and their roles are summarized as below, based on results in
this study and previous reports [9,15]. The SigD and SigE pro-
teins have a distinct timing of expression under light with SigD
expressed quickly and SigE expressed more gradually (Fig. 3)
[9]. In contrast, SigB is a dark-induced r factor and its expres-
sion was repressed at the protein level by SigC or SigD/SigE
under light [9,33]. The external inﬂuence of the circadian clock
on the sigB promoter has also been reported [29] and SigB acts
to negatively regulate genes encoding major components of the
photosynthetic apparatus [34]. Is there cooperation between
SigD and SigE? A similar pattern of reduction in light-induced
transcripts was observed among the photosynthesis-related
genes in DSigD and DSigE (Fig. 1). In addition, the light-in-
duced expression of SigD did not occur in DSigE (Fig. 4 left),
whereas light-induced SigE expression still occurred in DSigD
(Fig. 4, right) even SigE level was reduced, implying that the
light-induced SigD expression depends on SigE directly or
indirectly. These suggest cooperation between SigD and SigE
for ﬁne-tuning of light-responsive gene expression. Further-
more, SigE contributes to the expression of nitrogen-related
genes [13,14] and the expression is regulated by SigB and SigC
under conditions of nitrogen deprivation [13]. Sugar catabolic
genes were induced by nitrogen depletion under regulations
including SigE [16]. Therefore, SigE may be a r factor control-
ling the balance of carbon and nitrogen metabolism with a
rhythmic expression in which the peak of SigE shows a 24-h
interval according to the upcoming night. These results also
suggest that cooperation among the group 2 r factors andthe group 1 r factor SigA is important for cell viability and re-
sponses to environmental changes in this cyanobacterium.Acknowledgements: This work was supported in part by grants from
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